A total of 22 strains of Treponema spp. including members of all four named human oral species were tested for coaggregation with 7 strains of oral fusobacteria, 2 strains of nonoral fusobacteria, and 45 strains of other oral bacteria, which included actinobacilli, actinomyces, capnocytophagae, eubacteria, porphyromonads, prevotellae, selenomonads, streptococci, and veillonellae. None of the treponemes coaggregated with any of the latter 45 oral strains or with the two nonoral fusobacteria. All treponemes, eight Treponema denticola strains, eight T. socranskii strains, four oral pectinolytic treponemes, one T. pectinovorum strain, and one T. vincentii strain coaggregated with at least one strain of the fusobacteria tested as partners. The partners consisted of one strain of Fusobacterium periodonticum, five F. nucleatum strains including all four subspecies of F. nucleatum, and a strain of F. simiae obtained from the dental plaque of a monkey. In the more than 100 coaggregations observed, the fusobacterial partner was heat inactivated (85؇C for 30 min), while the treponemes were unaffected by the heat treatment. Furthermore, the fusobacteria were usually inactivated by proteinase K treatment, and the treponemes were not affected. Only the T. denticola coaggregations were inhibited by lactose and D-galactosamine. None were inhibited by any of 23 other different sugars or L-arginine. Intrageneric coaggregations were seen among the subspecies of F. nucleatum and with F. periodonticum, and none were inhibited by any of the sugars tested or by L-arginine. No intrageneric coaggregations were observed among the treponemes. These data indicate that the human oral treponemes show a specificity for oral fusobacteria as coaggregation partners. Such cell-to-cell contact may facilitate efficient metabolic communication and enhance the proliferation of each cell in the progressively more severe stages of periodontal disease.
Fusobacteria are found in significant numbers in dental plaque from healthy sites and in increased numbers in samples from periodontally diseased sites (20) . Treponemes become a significant proportion of the population only in periodontally affected sites (11) . This later appearance of the treponemes may be due to a requirement for growth stimulation by metabolic and enzymatic activities of other periodontal microorganisms (30) . For example, Treponema denticola Ny375 is unable to grow in human serum, but in the presence of Fusobacterium nucleatum Ny373 and three other species of oral bacteria, it shows vigorous growth to a density of 3 ϫ 10 9 cells per ml (30) . An oligopeptidase unable to hydrolyze complete proteins has been found in T. denticola ATCC 35405 (19) , and peptidases active on 19 tested short (3 to 6 amino acids) peptides (27) as well as transport of at least one dipeptide, L-cysteinylglycine, have been found in F. nucleatum (2) . Other oral bacteria like porphyromonads (18) may provide the proteases that degrade serum proteins and immunoglobulins to peptides for the fusobacteria and treponemes (12) . By such metabolic interactions, it is presumed that the members of microbial consortia communicate.
In the oral cavity, it is not sufficient to communicate metabolically. Because they are in a flowing environment, the nonmotile oral bacteria must adhere to an available surface (17) . Collectively, various strains of F. nucleatum coaggregate with all species of oral bacteria so far tested (15) . Only cell-to-cell interactions between the motile treponemes and Porphyromonas gingivalis (10) , Bacteroides forsythus, or Streptococcus crista (34) and between treponemes and host cells have been reported (7, 24) . Coaggregations between the fusobacteria and treponemes have not been reported; this study was designed to examine the possible coaggregations between these periodontally important bacteria. Direct cell-to-cell interaction is presumed to enhance potential communication between cells and may be especially effective in mediating metabolic communication.
MATERIALS AND METHODS
Bacterial strains and culture conditions. All strains used were of human oral origin except where noted and were grown as described previously (15) . Selenomonads were grown in complex broth medium consisting of brain heart infusion broth supplemented with yeast extract, vitamin K 1 , cysteine, and hemin. Porphyromonads were grown in Todd-Hewitt broth (BBL Microbiology Systems, Cockeysville, Md.). All other nontreponeme strains were grown in modified Schaedler medium with glucose or lactate as the source of energy. Cells were grown at 37ЊC under anaerobic conditions with a GasPak system (BBL Microbiology Systems), harvested in the late exponential or early stationary phase of growth, washed three times, and suspended in coaggregation buffer (5) .
The treponemes were grown in GM-1 Pectin medium (33) in a GasPak Plus system (BBL Microbiology Systems) at 37ЊC to late exponential phase and then harvested, washed, and suspended in coaggregation buffer as described above. The 22 treponemes tested were T. denticola TD-4 (ATCC 35404), GM- Coaggregation assay. The visual assay has been described in detail previously (14, 16) . Briefly, suspensions with a final cell density of about 10 9 cells per ml (Klett unit value of 260 with a 660-nm [red] filter in a Klett-Summerson colorimeter; Klett Manufacturing Co., Inc., New York, N.Y.) were prepared for each cell type. Equal volumes (0.1 ml) of each cell type were added to a glass test tube (10 by 75 mm) and vortex mixed for 5 s. A coaggregation score ranging from 0 (no change in turbidity and no visible coaggregates) to ϩ4 (maximum coaggregation; i.e., large coaggregates settled immediately, leaving a water-clear supernatant) was given for each pair. A score of ϩ3 indicated the formation of large settling coaggregates but a slightly turbid supernatant; a ϩ2 score was given when definite coaggregates were visible but did not settle immediately. The weakest score (ϩ1) indicated finely dispersed coaggregates in a turbid background.
Reversal 
RESULTS
Survey of coaggregation partners of treponemes. The 22 strains of treponemes were mixed pairwise with 52 strains of oral bacteria to test their potential coaggregation partnership. Two nonoral fusobacteria, F. mortiferum ATCC 25557 and F. ulcerans ATCC 49185, were also tested. Only the seven oral fusobacteria were partners of the treponemes, and all treponemes exhibited coaggregation ( Table 1) . Each of the coaggregating pairs was tested for sensitivity to addition of various sugars and L-arginine, which have been reported to inhibit coaggregations between fusobacteria and other oral bacteria (10, 13, 16, 29) . None of the interactions was reversed by addition of L-arginine, and only the coaggregations with strains of T. denticola were completely reversed by addition of 60 mM galactosamine or 200 mM lactose ( Table 1 ). The coaggregations between the strains of T. denticola and F. nucleatum subsp. nucleatum PK1594 exhibited all but one of the observed lactose-reversible coaggregations ( Table 1 ). The fusobacterial isolate from monkey plaque also coaggregated with several of the treponemes (Table 1) .
Effect of heat treatment on coaggregation. Each of 10 treponemes, T. pectinovorum ATCC 33768, pectinolytic oral treponemes P2 and P8, T. socranskii subsp. buccale ATCC 35534, N5B, and N3A2A, T. socranskii subsp. paredis ATCC 35535, T. socranskii subsp. socranskii N3B1A, and T. socranskii subsp. T. denticola GM-1 Effect of protease treatments on coaggregation. Three treponemes were treated with proteinase K and tested for the ability to coaggregate with each of seven fusobacteria (Table 2) . Only pectinolytic strain P8 was inactivated and unable to coaggregate with four of the fusobacteria. Identical results were obtained when pectinolytic strain P8 was treated with pronase (data not shown).
Proteinase K treatment of fusobacteria usually abolished their ability to coaggregate with the treponemes (Table 2) . F. nucleatum subsp. vincentii ATCC 49256 was resistant to proteinase K, and F. nucleatum subsp. polymorphum ATCC 10953 was partially resistant. The other four fusobacteria tested were completely inactivated by proteinase K treatment. Both pronase and trypsin treatments were done with F. nucleatum subsp. nucleatum PK1594; pronase partially inhibited and trypsin had no effect on the fusobacterium's ability to coaggregate with the treponemes (data not shown). Pronase treatment of two other fusobacteria, strains PK1909 and ATCC 33693, gave results identical to those for proteinase K treatment (data not shown).
Intrageneric coaggregations. All 22 treponemes were tested pairwise with each other, and none coaggregated with any other treponemes (data not shown). However, when the type strains for each of the four subspecies of Fusobacterium as well as F. nucleatum subsp. nucleatum PK1594 and F. periodonticum ATCC 33693 were paired with each other, several intrageneric coaggregations were observed (Table 3) . None was reversed by addition of lactose, galactosamine, or L-arginine. All four coaggregations involving F. nucleatum subsp. nucleatum PK1594 (Table 3) 
DISCUSSION
Extensive coaggregations between oral treponemes and fusobacteria but not with more than 40 other oral bacterial strains indicates the high specificity of this unusual coaggregation involving a motile bacterium. The fact that motile treponemes adhere to nonmotile bacteria suggests that cell-to-cell interactions within the oral community may be important for additional reasons than attachment.
Metabolic communication among the population is likely to be advantageous to the residents of the community and may be most effective when cells are directly attached to one another. The periodontal region in the oral cavity, where the treponemes and fusobacteria reside, is bathed in crevicular fluid, which is of serous origin. When tested for growth in human serum, T. denticola could not grow unless other bacteria like F. nucleatum were added (30) . Other oral bacteria express proteolytic enzymes (3, 4) . The cell surface location of an oligopeptidase of T. denticola (19) may be a reason for the cell to attach to a ready source of peptides produced by other members of the oral microbial community. In this way, motility may position the treponeme in the microbial consortium so that adherence to an active source of nutrient can occur.
The idea that a motile bacterium can use direct cell-to-cell interaction with partner cells to its advantage encompasses two factors: coordinate presence of treponemes and fusobacteria, and ability to coaggregate. Both increase in numbers concomitant with increased severity of stages of periodontal disease (11, 20) . Late-colonizing bacteria coaggregate primarily with fusobacteria and very infrequently with any of the early colonizers such as streptococci and actinomyces (17) . As an extension of our earlier proposal that the fusobacteria as a group coaggregate with all varieties of oral bacteria (17), we can add the oral treponemes to the list of fusobacterial partners. However, the two nonoral fusobacteria failed to coaggregate with any of the treponemes, indicating additional specificity by the treponemes for oral fusobacteria as coaggregation partners. It should be noted that these two nonoral fusobacteria are the first fusobacteria we have examined that have failed to coaggregate (15) .
T. denticola has been reported to coaggregate with Porphyromonas gingivalis (10), another late-colonizing bacterium, although we did not detect such a coaggregation in our survey of potential partners. Also, L-arginine had been noted as an inhibitor of the treponeme-porphyromonad coaggregation (10) and of several coaggregations between a fusobacterium and oral streptococci (29) . We did not observe any effect of this amino acid on any of the treponeme-fusobacterium coaggregations. We did observe inhibition by lactose, which supports the observation that fusobacteria express a galactose-binding lectin (21) and are blocked from attachment to various host cells by galactose (8, 28, 31) . We previously reported a galactose-sensitive lectin activity on F. nucleatum PK1594 that mediates coaggregation with many oral gram-negative bacteria (13, 15) . Accordingly, in the present study, it appears that the heat-and protease-inactivated potential lectin is expressed by the fusobacterium and that its complementary receptor is on the treponeme.
The intrageneric coaggregations among the subspecies of F. nucleatum were unexpected, since we had tested 28 strains of F. nucleatum in an earlier survey and found that none coaggregated with the other (15) . At the time of the earlier survey, all of the fusobacteria were classified as F. nucleatum without a subspecies epithet. Most may have been from the same subspecies, which may be less likely to coaggregate. Only two strains, PK1594 and PK1909, from the earlier study were included in the current study, and these strains do not coaggregate (Table 3 ). The strains of F. nucleatum are a heterogeneous group (22) , and they have been reclassified as several subspecies (6) . Clearly, from the results presented here, coaggregations are prevalent among the various subspecies, including F. periodonticum (Table 3) . Only oral streptococci and a few oral actinomyces have been observed previously to exhibit intrageneric coaggregation (15) .
The coaggregations of treponemes and fusobacteria add to the growing list of human oral bacteria that interact by cell-tocell contact. Additional reports of coaggregations involving uropathogenic bacteria (23) , bacteria from the chicken gastrointestinal tract (32) , and morphological observations of cell-tocell associations in the oral cavities of cats and dogs (25, 26) , termite gut (1), as well as alpine streams (9) indicate that coaggregations occur in a variety of econiches. Every genus of human oral bacteria that has been examined for the ability to coaggregate has members that coaggregate with strains from other genera. Microscopic observation of dental plaque readily demonstrates cell-to-cell interactions, but in vivo experiments to test the potential role of coaggregation in colonization must still be done. On the basis of the fact that fusobacteria are coaggregation partners of all oral bacteria, it is hypothesized that fusobacteria play a key role in the establishment of oral microbial communities and subsequent developmental stages of severity of periodontal disease.
